This paper develops a mesoscale finite element method for realistic modeling of complex cohesive fracture in asphalt mixture with a given gradation. A random aggregate generation and packing algorithm is employed to create 2D and 3D heterogeneous asphalt mixture specimens, and cohesive elements with tension/shear softening laws are inserted into both mastic and aggregate-mastic interfaces to simulate crack initiation and propagation. The nucleation and coalescence of microcracks and propagation of macrocracks in 2D and 3D specimens is realistically modeled in detail with a few important conclusions drawn. The effects of coarse aggregate distributions on performance of asphalt mixture are also evaluated.
Introduction
Asphalt mixtures are heterogeneous composite materials comprising irregularly shaped and randomly distributed coarse and fine aggregates, viscous matrix (asphalt) and voids. The complex morphological features at the mesoscale, such as shapes, gradations, distribution and orientation of aggregates, asphalt content and void ratio, directly determine the mechanical properties including fracture resistance. So it is important to develop mesoscale models for analyzing fracture of asphalt mixture. Recently, a number of researchers have been concentrating on the meso and microstructure characteristics of cement like materials and a variety of numerical heterogeneous models are built for numerical representation of random heterogeneity of aggregates in different ways. Numerical image processing technique [1, 2] and parameterization modeling technique [3, 4] are two most popular approaches in explicitly modeling the different material phase in asphalt mixture. However, due to the difficulty of three-dimensional (3D) mesostructure modeling and high computational costs, most of current fracture studies are two-dimensional (2D) models, with few reporting 3D results.
In this study, a heterogeneous fracture modeling approach is developed to simulate complex 2D and 3D crack propagation in asphalt mixture consisting of randomly distributed coarse aggregates and asphalt mastic matrix. In this approach, a random aggregate generation and packing algorithm is devised to create 2D and 3D numerical asphalt mixture samples with heterogeneous mesostructures, and cohesive elements with tension/shear softening are inserted into both the matrix phase and the matrix-aggregate interfaces to simulate crack initiation and propagation. Table 1 lists a typical aggregate gradation of asphalt mixture. It can be noted that the size of aggregates varies greatly from 16.0mm to 0.075mm. As there usually exist a great number of fine aggregates in asphalt mixture, construction of micromechanical models with a full aggregate gradation is not feasible due to high computational cost. A sensible compromise is to classify the aggregates into coarse and fine aggregates according to the aggregate size. The numerous fine aggregates and asphalt binder are then combined into asphalt mastic, whose mechanical properties are assumed to be uniform. As a result, asphalt mixture is treated as a two-phase material with coarse aggregates embedded in asphalt mastic matrix. The threshold differentiating coarse aggregates (modeled as aggregates) and fine aggregates is, in general, an arbitrary decision, often guided by available computing power and acceptable mesostructure resolution. In 2D studies, 2.36mm is usually taken as the cut-off size of coarse aggregates.
Mesoscale fracture modeling method

Random aggregate generation and packing algorithm
The aggregate generation and packing algorithms proposed by the authors are used to create 2D [5] and 3D [11] numerical asphalt mixture samples with heterogeneous mesostructures here. A number of round (2D) and spherical (3D) aggregates with different sizes are first generated based on a given gradation, then deflated with a defined reduction coefficient and randomly packed into a prescribed region. In order to eliminate conflicts between neighboring aggregates, all reduced aggregates are recovered to their original sizes and relocated by a perturbation process. The round or spherical aggregates are then converted into their corresponding inscribed regular polygons (polyhedron), and a geometrical sample of asphalt mixture is completed. The readers are referred to [5] and [11] for the detailed algorithms. Fig. 1 (a) and Fig. 1 (b) show typical 2D and 3D examples of asphalt mixture with randomly distributed coarse aggregates, respectively. The 2D aggregates are regular octagons, and the 3D aggregates are polyhedrons with 32 surfaces and 26 vertexes.
Cohesive interface elements insertion
For 2D specimen models, in order to simulate curved crack paths occurring in asphalt mixture in good accuracy, triangular plane stress elements with constant strain are used to discretize the obtained heterogeneous geometrical models of asphalt mixture. As potential microcrack sources, the 4-node cohesive elements with zero in-plane thickness are inserted into the initial finite element mesh. For 3D specimen model, Tetrahedron solid elements are used and the 6-node cohesive elements with zero out-of-plane thickness are inserted into initial finite element mesh. It is not trivial for inserting cohesive elements into finite element meshes because the arrangement of finite elements is not regular and the amount of them is tremendous. One challenge is how to robustly deal with the changes in the nodal and elemental connectivity due to the insertion of cohesive interface elements. This is tackled by an in-house computer program. The detailed 2D and 3D cohesive element insertion procedures can be found in [6] and [7] .
In the mesostructures of asphalt mixture, the potential crack path may traverse through aggregates, mastics, and interfacial surfaces between aggregate and mastic. In general, aggregates are harder to crack than asphalt mastic because of their higher tensile strength. It is assumed in this work that cracking will take place only in asphalt mastic and aggregate-mastic interfaces. The cohesive elements with zero out-of-plane thickness are inserted to represent potential cracks, with different softening laws in the mastic and aggregate-mastic interfaces.
The simple linear tension/shear softening laws [6] [7] are used for cohesive elements in this study although more complicated softening laws can be used with ease.
2D Numerical simulation and results
2D Numerical analysis model
Based on the gradation in Table 1 , a series of 2D numerical asphalt mixture specimens with coarse aggregate cut-off size of 2.36mm are created by using the heterogeneous fracture modeling approach in Section 2. The 2D specimens with dimensions of 50mm 50mm and thickness of 1mm are modeled as plain stress problems under uniaxial tension.
In general, aggregates are linearly elastic, but asphalt mastic is very sensitive to the temperature. It is viscoelastic at higher temperature but brittle and elastic at subzero or very low temperature. Accordingly, asphalt mastic can be regarded as a linearly elastic material approximately at the simulation temperature of -10 . The material parameters in [8] J/m and the tensile strength f t = 3.78MPa are used for the cohesive elements in mastic, while G F =77 2 J/m and f t =3.44MPa are given for the cohesive elements in the aggregate-mastic interfaces. The initial stiffness 18.2GPa/mm is given for all cohesive elements. Abaqus/Explicit is utilized to solve the highly nonlinear equation systems complicated by softening of cohesive elements and the total loading time for these quasi-static simulations is set as 0.01s. The displacement at the right end increases linearly from 0 to 0.3mm during the loading history.
Typical crack modes and their evolutions
Two typical types of cracking evolution modes are observed in a group of 2D asphalt mixture specimens under uniaxial tension. The detailed microcrack initiation and propagation processes are presented in Figs 2 and 3 with magnifications of 200 times in (a), (b) and (c) and 5 times in (d), respectively. The split cohesive elements are shown in red to represent microcracks. The red line width indicates the crack width and also represents the energy spent on fracture at the corresponding point of the crack interface. As can be seen from Fig. 2(d) and Fig. 3(d) , Type 1 fails with a single main macrocrack and Type 2 with double main macrocracks. Type 1 is often found in the laboratory tensile tests of asphalt mixture, but Type 2 is seldom. Using a 3D high-resolution X-ray scanning technique, the discrete tensile macrocracks very similar to Type 2 were observed in concrete samples in [9] . In Type 1 fracture evolution, as shown in Fig. 2(a) , a number of microcracks are nucleated in the interfaces between aggregates and asphalt mastic in a dispersive manner at very early stage of loading, and their directions are roughly perpendicular to the loading direction. This is often called the interface debonding and can be directly attributed to the weaker material strength of the interface. The similar phenomenon was also observed in a particulate-reinforced material by the optical microscope and the scanning electron microscope in fracture tests [10] . As the displacement increases, the microcracks develop continuously. It is noticeable that the microcracks between two large aggregates grow and coalesce more easily so that a main cracking path gradually forms. The microcracks in the main cracking path grow rapidly and become interconnected, as shown in Fig. 2(b) . After the main cracking path is formed, the microcracks in other places are arrested, as shown in Fig. 2(c) . After the peak load is reached, the fracture energy is rapidly dissipated while the macrocrack opens further (Fig. 3(d) ).
The evolution of the Type 2 fracture is presented in Fig. 3 . Similar to the case in Type 1, many microcracks initiate on the aggregate-mastic interfaces randomly at very early stage of loading in Type 2, as shown in Fig.  3(a) . As the load increases, the microcracks between two adjacent large aggregates at the top and the bottom grow rapidly, leading to two main cracking paths (Fig. 3(b) and Fig. 3(c) ). Finally, two macrocracks form and dissipate a majority of the fracture energy, while the other microcracks are closed as shown in Fig. 3(d) .
Both the load and the dissipated fracture energy vs. displacement curves for the fracture modes in Figs 2 and 3 are plotted in Fig. 4 . The two fracture types have similar pre-peak responses and very close peak loads (181.842N for Type 1 and 183.463N for Type 2, respectively), but in the post-peak part, the curve for Type 1 has a sharper drop than that for Type 2. Correspondingly, their dissipated fracture energy vs. displacement curves are almost identical in the pre-peak part, but gradually become apart from each other later. At the displacement of 0.3mm, Type 2 fracture mode dissipates about 4.2mJ more energy than Type 1.
It should be noted that the two types of evolution modes, although both are essentially mode-I tensile fracture, represent two fracture mechanisms caused by different distributions of aggregates. In Type 1, the microcracks along the coarse aggregates are merged with little resistance into a single macrocrack, cutting the specimen into two pieces suddenly (Fig. 2) . Sometimes two short macrocracks occur with a distance and they do not merge into a single dominant crack as the resistance is high, namely the Type 2 in Fig. 3 . The different mechanisms are also reflected by the higher ductility and energy dissipation for Type 2 crack evolution (Fig. 4) . 
3D Numerical simulation and results
Crack evolutions in 3D specimens
Moving from 2D to 3D fracture modelling represents a very serious computational challenge because of the dramatic increase of the resources needed due to the considerably increase of elements and nodes. Moreover, for a problem with unknown crack paths, the model needs to be discretized by continuum elements with fine scale in order to minimize the dependence of crack path on the mesh density. So in 3D studies, the numerical asphalt mixture specimens of 50mm 50mm 25mm with larger coarse aggregate cut-off size of 4.75mm are created.
Only one typical crack type, i.e., a single dominant macrocrack, is observed in simulations of a group of 3D asphalt mixture specimens. Fig. 5 illustrates a typical 3D fracture process. The features of microcracks initiation and coalescence and macrocrack propagation in 3D specimens are similar to that observed in 2D specimens. Figs 6(a-b) show the fracture surfaces of the left and right broken pieces of the numerical specimen in Fig. 5 . The gray elements represent asphalt mastic and the green elements represent aggregates. It is found that the fracture surfaces are rough and non-planer and exhibit some bumps and ridges in the through-thickness direction. It can also be observed that most of the cracks are initiated at aggregates-matrix interface, followed by their propagation and merging with others initiating in the mastic matrix near the aggregates. Fig. 6 shows that most of the aggregates (in green) are exposed on the crack surfaces.
A cylindrical specimen directly cored from a pavement is tested in the laboratory at 5 under uniaxial tension with loading rate of 1mm/min. The broken surfaces are shown in Fig. 6(c) and (d) . It can be seen that the simulated fracture surfaces in Fig. 5 look realistic because all the features of the fracture surfaces described above can be observed in the real fracture surfaces of asphalt mixture. 
Effects of coarse aggregate distribution
Fifteen specimens with the same coarse aggregate gradation but different distributions are then modeled. It is found that the predicted crack paths are significantly different. Fig. 7(a) plots the predicted load vs. displacement curves. It can be seen that there is little difference between the predicted pre-peak part and the peak loads (varying from 8,211N to 8,396N with average 8,299N). Some difference exists in the descending softening parts of the curves. These can also be seen on the dissipated fracture energy vs. displacement curves shown in Fig. 7(b) . The total dissipated fracture energy predicted ranges from 855mJ to 991mJ with average 921mJ. The energy dissipation is directly attributed to damage evolution and crack propagation. The fluctuation of dissipated fracture energy can reflect the morphological characterization of main macrocrack surface in some degree. The fracture surfaces of the specimens with the minimum and maximum dissipated fracture energy are illustrated in Fig. 8 (a) and (b), respectively. Comparing with the slightly tortuous fracture surface in Fig. 8(a) , the fracture surface in Fig.  8(b) is more irregular, tortuous and scraggy, so it has a larger fracture area and thus higher dissipated energy. This has been confirmed by a fractal analysis in [12] . All the crack path, load-carrying capacity and dissipated fracture energy are influenced by coarse aggregate distribution, so a purely deterministic meso-scale model cannot describe the fracture behavior of asphalt mixture very well. 
Comparison of 2D and 3D simulations
To quantitatively compare the load-carrying capacities predicted by 2D and 3D specimens, the averaged loaddisplacement curves of 15 2D specimens and 15 3D specimens with the same thickness 25mm, the same coarse aggregate gradation and the same coarse aggregate cut-off size 4.75mm are shown in Fig. 9 . The averaged peak load for 3D specimens is 8299N, nearly 80% higher than 4566N for 2D. One reason for this increase is that forming of microcracks and macrocracks in 3D specimens is more difficult due to the obstruction of randomly distributed 3D aggregates with many faces and angularity. Another may be the larger area of the unsmooth and non-planar fracture surfaces, which provides higher normal traction [7] . Moreover, the pre-peak range of the averaged load-displacement curve for 3D specimens shows higher nonlinearity than that for 2D specimens. 
Conclusions
Important conclusions drawn from this study are: (i) the mesoscale modeling approach is capable of predicting realistic complex crack propagation in asphalt mixture; (ii) the 3D simulations predict more realistic, rougher and non-planar fracture surfaces which are closer to laboratory test observations than 2D simulations; (iii) the microcracks always initiate from the locations at or near aggregate-mastic interfaces in a dispersive manner; (iv) Only a few microcracks dominate the crack propagation and are merged into the macrocrack in growth competition; (v) the dominant cracks basically pass through the area with higher aggregate packing density in 3D specimens; and (v) the coarse aggregate distribution has limited effects on the peak loads but considerable effects on the fracture surfaces and dissipated fracture energy.
